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A. KURTZMAN. Distribution of renaZ blood flow in dogs with congestive heart failure. Am. J. Physiol. 230(Z): 537-542. 1976. -Studies were performed to determine whether the intrarenal distribution of cortical blood flow is altered in congestive heart failure. Utilizing the radioactive microsphere method, we studied eight dogs that developed congestive heart failure secondary to the construction of an aortocaval fistula. They had marked reduction in total renal blood flow not accompanied by intracortical redistribution of blood flow. All dogs had developed edema and/or ascites, and gained a mean of 3.4 kg; glomerular filtration rate, hematocrit, and urinary sodium excretion fell significantly. Renal vascular resistance increased; mean blood pressure and filtration fraction were unchanged.
Furosemide was administered to a second group of nine fistula dogs. The drug produced a marked natriuresis associated with a decrease in outer cortical blood flow (zone 1) and an increase in midcortical zones 2 and 3 ; no change was observed in zone 4. We conclude: 1) chronic salt retention occurs in high-output heart failure in the absence of redistribution of renal cortical blood flow, and 2) the effect of furosemide on intrarenal hemodynamics of dogs with heart failure is similar to that seen in normal animals. cortical blood flow; radioactive microsphere method; aortocaval fistula; renal vascular resistance; furosemide BARGER'S "REDISTRIBUTION HYPOTHESIS"
Of renal Cortical blood flow suggested that sodium retention occurs when blood flow is largely distributed to the inner cortex and outer medulla and that natriuresis ensues when blood flow is increased to the outer cortex (2). The renal medullary blood supply was thought to originate mainly from the juxtamedullary nephrons, which are characterized by large glomeruli and long loops of Henle with vasa recta. The latter was felt to be the anatomic correlate for the pronounced sodium-retaining capacity of these nephrons. The bulk of the nephrons which, on the other hand, make up the mid-and outer cortex have smaller glomeruli and shorter loops of Henle and were thus thought to have a lesser capacity for sodium retention (13). Utilizing Thorburn and co-workers' radioactive inert gas method (31), dog studies on right heart failure with edema formation (2, 24) and diuretic induced natriuresis (4) seemed to prove the validity of the concept of redistribution.
The use, however, of more direct methods for the evaluation of intracortical distribution of blood flow has produced considerable controversy as to the functional significance of the "redistribution hypothesis."
A number of investigators (17, 20, 23, 25, 26, 32) have developed and utilized the radioactive microsphere (MS) method for the assessment of intracortical changes in glomerular perfusion rates. In a wide variety of experimental settings, including salt-retaining states and diuretic-induced natriuresis (3, 5, 6, 9, 14, 18, 25, 27, 28), the results have been directionally different from those obtained with the inert gas washout technique (2, 12, 21, 24). Stein and associates (25) In a recent study by Gutman and McRae (9), the effect of chronic Na retention in dogs was examined. The salt retention was induced by chronic obstruction of the thoracic inferior vena cava. The development of massive ascites was accompanied by an unaltered glomerular filtration rate (GFR) and blood pressure (BP) while estimated renal blood flow fell. Utilizing the radioactive microsphere method, no redistribution of renal cortical blood flow could be demonstrated.
The present experiments were designed, first, to learn if alterations in intrarenal hemodynamics are a functional prerequisite for the chronic Na retention of congestive heart failure and, second, to compare the effect of furosemide on renal blood flow on dogs with congestive heart failure (CHF) to that seen in normal dogs. The effect of this drug in normal dogs is to increase renal blood flow, to decrease renal vascular resistance (RVR), and to redistribute blood flow to the midcortical zones (28). the construction of an aortocaval fistula (AV fistula). Prior to construction of the AV fistula, the dogs were injected with pentobarbital, 30 mg/kg body wt; they received methoxyfluorane gas anesthesia during the remainder of the surgery. The fistulas were constructed under sterile conditions, 3-4 cm distal to the renal vessels, to measure 12-20 mm in diameter. At the time CHF developed, the animals were similarly anesthetized with pentobarbital and after endotracheal intubation ventilated with a Bird respirator to maintain arterial pH near 7.4 and Pco2 between 35 and 45 mmHg. Small maintenance doses of pentobarbital were administered whenever needed. The dogs received the regular kennel diet (averaging 60 meq Na/day) and had free access to water. Preoperatively and again with congestive heart failure, [1251] iothalamate was infused via a peripheral vein for the determination of GFR. A Goodale-Lubin standard wall catheter was placed in the left ventricle by retrograde threading from a femoral artery preoperatively (CHF study) or from the left common carotid or a brachial artery at the time CHF had developed (CHF and furosemide study). Either approach has been reported to render identical results in regard to the distribution of MS in the renal cortex (22). A femoral (before) and a brachial artery (after fistula surgery) were cannulated for blood sampling and blood pressure recording (Statham transducer, Grass multichannel recorder). Arterial blood pressure values obtained in dogs with CHF were identical when recorded via a radial artery or via a carotid artery catheter.
The urine was collected with an indwelling Foley catheter. Following the preoperative control determinations, all cannulated arteries were carefully closed with cardiovascular sutures.
Radioactive MS 15 -+ 5 pm in diameter, labeled with H5Sr or 141Ce (3M Company, St. Paul) were used to measure total renal blood flow (TRBF), utilizing the method reported by this laboratory (l), and the distribution of renal cortical blood flow (CBF). A total of 15 &i (400,000 MS) of th e appropriate nuclide suspended in 1 ml of 10% dextran was injected as a bolus into the left ventricle for each set of determinations.
The catheter was then flushed with 10 ml heparinized Ringer solution. Just prior to the MS injection, arterial blood withdrawal was begun (Sage syringe pump) at a rate of 30 ml/min for 1 min. At the end of each experiment, the kidneys were removed, sectioned, and counted by the method described by Stein et al. (25) . The renal cortex was divided into four equal sections, zorzes (2) 14, going from outer to inner cortex, respectively.
The methods used to measure GFR, Na, Pco2, and pH in the blood and/or urine were identical to those previously described (15).
Two groups of studies were performed.
Group A: Congestive Heart Failure Study
In eight dogs 85Sr-labeled MS were used to determine control values of total renal blood flow and distribution of cortical blood flow prior to the AV fistula construction. Aftir signs of CHF. such as edema and/or ascites WESTENFELDER ET AL.
had developed, 141Ce-labeled MS were utilized to assess changes in these parameters.
Group B: Furosemide Study
In nine AV dogs with CHF, 85Sr-labeled MS were injected. To study possible changes in TRBF and distribution of CBF associated with the marked natriuresis generated by furosemide administration, a second set of MS, labeled with 141Ce, was injected 30-60 min after the start of furosemide administration.
An intravenous loading dose of furosemide, 10 mg/kg body wt, followed by a maintenance infusion of 10 mg/kg body wt per h was given to each of these animals. Urine output was carefully replaced with Ringer solution.
Calculations
The method of calculating TRBF has been previously reported (1) . The corrected fractional distribution of renal blood flow per cortical zone, the absolute flow per zone, and the zonal perfusion rate were calculated according to the method of Stein et al. (25, 26) . The weight of each zone was found by using the method described by
McNay and Abe (17), the percents of cortical tissue volume for zones 14 were accordingly considered to represent 27, 22, 17, and 12% of total kidney volume.
Zonal weights were determined by multiplying the volume percent of each zone with the total kidney weight.
RVR was calculated as suggested by Hook et al. (10) by dividing perfusion pressure (mean arterial pressure proximal to the AV fistula, in mmHg) by the renal blood flow (mean of TRBF, in ml/min). The values obtained are expressed as resistance units (mmHg/ml x min?. It was assumed that the mean aortic BP proximal to the AV fistula was identical with that of the renal perfusion pressure.
The data are presented as the mean t standard error and were analyzed statistically using the paired-t test. The 0.05 level of probability was used as the criterion of significance.
GFR and TRBF values are recorded as the measurements for the two kidneys.
RESULTS

General Data
All 17 AV dogs developed edema and/or ascites associated with a 20% increase in weight after a mean of 13 days following construction of the AV fistula ( Table 1 ). The GFR, hematocrit, and urinary sodium excretion (U,,V> fell significantly.
The mean blood pressure ( 
Microsphere Data
Group A: congestive heart failure study. These results are summarized in Table 2 and Fig. 1 . The TRBF decreased from a control level (C) of 400 t 61.0 to 224 t 47.7 ml/min (P < 0.01) in CHF (E). The fractional distribution of cortical blood flow before and after development of CHF was not significantly different ( Fig. 1, part  I) . The marked reduction in TRBF in the absence of redistribution occurred in all zones, though the change in 2, was not significant (Fig. 1, part II) . The zonal perfusion rate (ZPR) decreased significantly in all zones (Fig. 1, part III) .
Group B: furosemide study. These results are summarized in Table 2 and Fig. 2 . In the nine animals comprising this group, mean TRBF rose by 19%; this effect was seen in all animals except in two, where a decrease in TRBF resulted. The overall increase, however, was not significant.
When furosemide was administered, fractional blood flow was redistributed to the midcortical zones 2 and 3 (Fig. 2, part Z) . Zonal blood flow and ZPR significantly increased in zone 3 (Fig. 2 , parts ZZ and ZZZ) .
DISCUSSION
In the present study we have reevaluated the physiologic significance of renal cortical blood flow distribution in the Na retention of CHF. Both the regional blood flow and total renal blood flow to the kidneys were measured with the radioactive microsphere method in anesthetized dogs. This technique is felt to be a marker of glomerular perfusion rate and has been extensively evaluated by this and many other laboratories (1, 14, 17, 20, 23, 25, 26, 32) . We have previously demonstrated that a good correlation exists between the values of total renal blood flow obtained by PAH clearance, corrected for extraction ratio, and the microsphere method (1). The results of our study indicate that Na retention of high output congestive heart failure is not associated with alterations in intrarenal distribution of CBF. Changes in cardiac output following CHF were not determined in these experiments.
Other investigators (8)) however, using the same model observed a 50-100% increase in cardiac output following the development of CHF. As shown in Table 2 and Fig. 1 , total renal blood flow decreased during CHF by almost 50%; this reduction was equally distributed throughout all cortical regions, i.e., no preferential perfusion of inner cortical glomeruli occurred. Zonal perfusion rates per gram of cortical tissue equally reflected the preservation of a homogeneous perfusion pattern after a marked reduction in total renal blood flow. Decreased renal blood flow and unaltered mean blood pressure proximal to the AV fistula necessarily resulted in an increased renal vascular resistance (Table 1 , group A). These data are in agreement with the recent observations of Gutman and McRae (9) in dogs with chronic salt retention secondary to vena cava obstruction.
These investigators did not, however, report changes in RVR. Thus, salt retention in two different experimental models was not accompanied by redistribution of CBF as assessed by the microsphere method. The results of Gutman and McRae (9) and ours are at variance with two previous studies on intracortical blood flow distribu- tion of dogs with chronic salt retention secondary to caval obstruction (21) or tricuspid insufficiency with pulmonary stenosis (24). In the latter a significant redistribution toward inner cortical regions, as assessed by %Kr washout technique, was felt to correlate with the enhanced Na reabsorption. In the former study, on the other hand, the decrease in total renal blood flow occurred in compartments 1 -3, while a nonsignificant increase was noted in compartment 4. A fractional redistribution, however, did not ensue. Stumpe and associates (30), examining the intrarenal distribution of filtration in rats with AV fistula and salt retention, did not detect a redistribution of GFR as postulated by Barger (2). Since the microsphere method assesses glomerular perfusion and not postglomerular, peritubular hemodynamics, the results reported by Stumpe et al. appear to be in agreement with our observations. Our observations in dogs are of more significance, however, since it is much more difficult to induce a change in distribution of RBF, by any means, in the rat.
Data from the second experimental group (group B) indicate that furosemide administration to edematous dogs leads to a marked natriuresis associated with hemodynamic changes comparable quantitatively and quali- , using the electromagnetic flowmeter, showed that furosemide administration to dogs caused a significant reduction in renal vascular resistance and a marked increase in total renal blood flow, while GFR remained unaltered. They concluded that the higher the initial renal vascular resistance the more marked would be the effect of furosemide. Our experiments, performed on edematous dogs, showed equidirectional changes in RBF and RVR which were not, however, significant. Furthermore, the GFR fell after furosemide administration, in spite of meticulous replacement of urinary losses.
Migdal and co-workers (19) recently reported that acute hemodilution with or without volume expansion causes a redistribution of cortical blood flow toward more superficial nephrons. An acute reduction in TRBF 
